, et al.. Hightemperature redox chemistry of La1.5+xSr0.5-xCo0.5Ni0.5O4+δ (x = 0.0, 0.2) studied in situ by neutron diffraction. Journal of Materials Chemistry, Royal Society of Chemistry, 2011, 21 (20) Neutron powder diffraction has been used to investigate the redox behaviour of two n ¼ 
Introduction
The development of mixed ionic-electronic conductors for applications such as solid-oxide fuel-cell (SOFC) electrodes, 1, 2 oxygen separation membranes and catalysts for the partial oxidation of light hydrocarbons 3 has relied strongly on the design of perovskite materials Ln 1Àx A x BO 3Àd where Ln is a lanthanide, A is an alkaline earth and B is a 3d transition metal. Although the conventional cathode materials, La 1Àx Sr x MnO 3Àd (LSM) and La 1Àx Sr x Co 1Ày Fe y O 3Àd (LSCF), exhibit interesting ionic and electronic transport properties, they suffer from a number of problems, most notably thermo-mechanical cracking (as a result of thermal expansion mismatching) or chemical instability resulting in the formation of insulating phases when yttria-stabilized zirconia (YSZ) is used as the electrolyte at high operating temperatures ($900 C). Due to performance and longevity issues associated with high-temperature use, recent research has targeted the development of alternative SOFC cell components working in the intermediate-temperature range, $700 C (IT-SOFC). With the discovery of electrolyte materials such as lanthanum strontium magnesium gallate La 1Àx Sr x Mg 1Ày Ga y O 3Àd (LSGM) and ceria-doped gadolinia Ce 1Àx Gd x O 2Àd (CGO), which have ionic conductivities superior to that of YSZ at intermediate temperatures, it has become necessary to identify alternative cathode materials. It is in this regard that the Ruddlesden-Popper (RP) class of materials, 4 particularly the La 2 NiO 4 -based series that adopt the K 2 NiF 4 structure (n ¼ 1 RP phases), have attracted significant attention in recent years. [5] [6] [7] The fundamental difference between K 2 NiF 4 -type oxides and perovskite oxides, besides their different crystal structures, lies in their defect chemistry; perovskites are commonly oxygen deficient whereas K 2 NiF 4 -type oxides can show either oxygen deficiency or oxygen excess. The oxide-ion conductivity in La 2 NiO 4+d , which is at least one order of magnitude larger than that of conventional perovskites in the ITrange, is a consequence of the high mobility of excess oxygen ions (d > 0) accommodated in the interstitial sites of the layered structure.
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In addition to good mixed ionic-electronic conductivity and electrocatalytic properties, SOFC electrode materials should show chemical and structural stability over the temperature range and under the gas atmosphere associated with the working conditions. In situ techniques can play a major role in establishing this stability and they are therefore of growing importance in current materials research. They can provide a deeper insight into the changes that occur when a chemical reaction or physical transformation (e.g. a phase transition) occurs within the sample. In particular, solid-state-ionic materials (mainly electrolytes and mixed electronic-ionic materials), in which the removal and insertion of oxygen are important processes, can benefit from investigation by in situ neutron powder diffraction (NPD). To date, a few in situ high-temperature NPD investigations have been performed on perovskite and K 2 NiF 4 -type materials such as Ln 2 NiO 4+d (Ln ¼ La, Pr, Nd) in air 12 or under vacuum.
13,14 However, hitherto studies under H 2 flow, which is the gas atmosphere at the anode side of a conventional SOFC, have only been carried out by our group. 15, 16 Recently, we have studied the K 2 NiF 4 -type series (Ln,Sr) 2 Cr 0.5 M 0.5 O 4+d (Ln ¼ lanthanide, M ¼ Ni, Mn) with the aim of identifying potential SOFC anode materials. In situ NPD under flowing H 2 showed that for M ¼ Ni the structure can withstand reducing conditions up to $700 C; the oxygen loss from the transition metal layers is accommodated by reduction of Ni 3+ to Ni 2+ along with expansion and contraction of the a and c lattice parameters, respectively.
15,16
The synthesis of La 1.5+x Sr 0.5Àx Co 0.5 Ni 0.5 O 4+d (x ¼ 0.0, 0.2) has been reported recently, together with the structural, transport and magnetic properties. Thermogravimetric analysis under 10% H 2 showed a gradual oxygen loss for the x ¼ 0.2 material on heating, whereas a stepwise reduction was observed for the x ¼ 0.0 material, yielding at $400 C a (Co/Ni)
2+
-based composition, La 1.5 Sr 0.5 Co 0.5 Ni 0.5 O 3.74 , which remains stable under H 2 up to $800 C. 17 It has been shown 18 that this material is a good candidate not only for SOFC applications, but also for solidstate electrolysis cells. This adaptability was ascribed to the flexible oxygen stoichiometry of the n ¼ 1 structure. The solid/gas reaction of a Co-or Co, Ni-based oxide with H 2 or O 2 and the consequent structural changes have not been studied at high temperature by in situ diffraction techniques so far. The reduction of the two compositions La 1.5+x Sr 0.5Àx Co 0.5 Ni 0.5 O 4+d (x ¼ 0.0, 0.2) has now been monitored under H 2 flow from 20 C up to $600 C, using the real-time in situ NPD. In addition, the structural evolution of the reduced x ¼ 0.2 material has been monitored under O 2 flow in the temperature range 20-600 C, in order to study oxygen intercalation into the available oxygen sites within the K 2 NiF 4 structure. The results of these diffraction studies are presented and discussed below.
Experimental
The polycrystalline materials La 1.5+x Sr 0.5Àx Co 0.5 Ni 0.5 O 4+d (x ¼ 0.0, 0.2) were prepared by solid state reaction as described elsewhere. 17 Neutron diffraction experiments were carried out on the high-flux two-axis neutron powder diffractometer D20
19 at the Institut Laue Langevin (ILL, Grenoble, France) according to the strategy previously described. 15, 16 A take-off angle of 118 from the (117) plane of a germanium monochromator was chosen, giving a wavelength of l ¼ 1.36 A and a resolution of Dd/ d z 3 Â 10
À3
, while retaining a high flux on the sample ($10 7 n cm À2 s
À1
). Slits were used to define the beam to be 30 mm high and 15 mm wide at the sample position. High-temperature measurements under flowing H 2 gas required the modification of the standard sample environment. The powder sample ($0.5 g) was loaded in a quartz tube (8 mm diameter) between two pieces of quartz wool which allowed unrestricted gas flow through the sample, while also being the support. The tube was mounted in the standard D20 furnace and connected to a flow of reducing gas (5% H 2 /He) which was controlled by a needle valve connected to a Bourdon gauge. The sample position was marked so as to follow any movement during the experiment under the positive pressure of gas; no sample movement was detected once the overpressure range had been determined. The overpressure was set at approximately 200 mbar at room temperature and monitored over the full temperature range to ensure a regular gas flow. The quartz tube was centered in the beam with centering rings top and bottom, and also by a boron nitride collar. In contrast to the previously published data collection 15 where the temperature was calibrated off-beam, in the present experiment two thermocouples were set inside the glass tube just below and over the sample in order to control more accurately the temperature of the sample. The furnace element was a 22 mm diameter vanadium-foil cylinder with two further outer vanadium-foil shields (26 and 30 mm diameter) to reduce power consumption and provide a homogeneous temperature environment.
The in situ thermal treatment was as follows: with H 2 gas flowing, the samples (x ¼ 0.0 and 0.2) were heated up to $600 C at a heating rate of 1 C min
2), and then held at 600 C for 1 h before being cooled to room temperature at 10 C min
. The cooling rate was faster than the heating rate because according to thermal analysis, no change was expected when the sample returns to room temperature. 17 In order to assess the reversibility of the oxygen exchange, the in situ-reduced La 1.7 Sr 0.3 Co 0.5 Ni 0.5 O 4+d (d < 0) sample was subsequently heated rapidly from RT up to 250 C under flowing oxygen, held at that temperature for approximately 2 hours and then heated at a rate of 2 C min À1 to $600 C and held isothermally for 1 h before being cooled to room temperature at a rate of 10 C min
. Diffraction patterns were collected in real time throughout the different aforementioned thermal cycles; a data collection took $1 min, giving a maximum temperature resolution of 1 C. In addition to these time-resolved data, datasets with improved counting statistics were collected from both samples (i) at room temperature just before reduction; (ii) at the upper temperature attained (T z 600 C); (iii) after cooling the reduced (x ¼ 0.0 and 0.2) and reoxidized (x ¼ 0.2) samples to room temperature. For each sample, these data were normalized to a common intensity scale.
In order to ensure a good background correction, a diffraction pattern was collected from the quartz tube and the glass wool support for 1 h at room temperature. This background contribution was then normalized to the incident monitor count so that it could be subtracted from the raw data without introducing significant noise.
All the diffraction patterns were analyzed by Rietveld refinement 20, 21 using the FullProf program.
22
The background remaining after subtraction of the instrumental component was treated using a Fourier-filtering technique and the peak profiles were modeled using a Thompson-Cox-Hastings pseudo-Voigt profile function; two asymmetry parameters were refined below 2q ¼ 20 . 23 In order to achieve a satisfactory level of agreement between the observed and calculated diffraction profiles it was necessary to model the anisotropic line broadening that was particularly marked for reflections having a high value of the Miller index l in the data collected from reduced samples. This broadening was accounted for using Stephens' microstructural model; 24 four independent anisotropic strain-broadening parameters, S hkl (S 400 , S 202 , S 004 and S 220 ) appropriate for the tetragonal symmetry, were refined. The peak shape did not change significantly during the course of the experiment, indicating that a high level of sample homogeneity was maintained throughout.
Results

Characterization of the as-prepared samples
Although preliminary analysis by X-ray powder diffraction had suggested that the reaction products were monophasic, 4 . The displacement parameters of all the atoms (ADP) were refined anisotropically, except for that of O int which was treated as isotropic. Due to strong correlation between the ADP and the occupancy of O int , the former was constrained to equal the equivalent isotropic displacement parameter of the axial oxygen (which proved to be insensitive to the details of the structural model). Our model thus differs from that used in the earlier study of similar compositions. 17 We shall discuss below the consequences of the changes in our refinement strategy. The observed and calculated diffraction patterns are displayed in Fig. 1a and S1a †. The refined structural data are summarized in Tables 1 and 3 and selected bond lengths are given  in Tables 2 and 4 . A difference Fourier map that is consistent with the inclusion of a partially occupied interstitial anion site in our structural model for the composition x ¼ 0.0 is shown in Fig. S2 †.
These data have several noteworthy features. Firstly, our refinements showed the presence of interstitial oxygen in both samples, the refined stoichiometries being La 1.5 Sr 0.5 Co 0.5 -Ni 0.5 O 4.06 (1) and La 1.7 Sr 0.3 Co 0.5 Ni 0.5 O 4.12 (1) . This is in reasonable accord with the earlier work on the composition x ¼ 0.2, but not with that on x ¼ 0.0. However, fresh samples were prepared for this study and it is thus possible for the two nominally x ¼ 0.0 samples to have slightly different compositions. The ADPs of the La/Sr and O eq sites in x ¼ 0.0 are unremarkable. However, the Co/Ni site has U 11 ( U 33 and O ax has unusually large, but approximately equal, values for the same two parameters. This suggests that O ax is subject to random, static displacements off the ideal position, with the transition metals responding to these displacements. This disorder could be caused by the presence of an oxide ion on a neighbouring interstitial site, and the resulting local O ax -O int repulsions. However, the ADPs of O ax were also enhanced . Further reasons for our choice of model will become apparent when we discuss the analysis of the in situ data below.
In situ real-time NPD studies under H 2 flow as a function of temperature
The x ¼ 0.0 and 0.2 samples were heated under 5% H 2 flow to 600 C then held at this temperature for 1 h before being cooled to room temperature. Sequential Rietveld refinements of the NPD data collected in situ showed that I4/mmm symmetry was retained throughout the experiment. The data were analysed with the same structural model that was used to describe the asprepared samples, but with the occupancy factor of O eq added to the list of refined parameters. Preliminary refinements showed that no oxygen was lost from the O ax site under reducing conditions and the occupancy of this site was therefore fixed at unity in our final analyses.
We shall consider first the material with the composition x ¼ 0.0. The evolution of the a and c lattice parameters during the experiment (Fig. 2 ) allows us to identify three different temperature regions in the reduction process: (I) 350 # T/ C # 450, (II) 450 # T/ C # 500 and (III) T/ C > 500. In region (I), both of the lattice parameters show an increase that can be attributed to thermal expansion. In region (II), the value of a remains essentially constant whereas a significant enhancement of c (2.43%) is observed; the rate of expansion is greater than in region (I). In region (III) both a and c increase at a rate comparable to that observed in region (I). Fig. 3 shows the variation of the oxygen occupancy of the equatorial site with temperature during the reduction process. The oxygen loss begins to occur at $350 C and continues to 550 C. The occupancy of the interstitial site decreases steadily with increasing temperature, but the data do not allow us to identify a temperature at which the reduction begins. The evolution of the bond lengths, displayed in Fig. 4 , shows that the Co/Ni-O ax bond length increases markedly ($4.0%) on heating above 400 C. The length of the four equivalent La/Sr-O ax bonds decreases between $450 and 550 C whereas the La/Sr-O eq bond length increases rapidly between $400 and 550 C. The structural changes are also reflected by the singular behaviour of the anisotropic displacement parameters for O eq , displayed in Fig. 5 for the x ¼ 0.0 sample. The components U ii refined for the original sample at 20 C do not differ significantly from a spherical shape (Table 1) , with values in the range 0.5-0.8 Â 10 À2 A 2 , similar to the isotropic values ). This implies that there is extensive disorder in a direction perpendicular to the M-O eq bond. When the reduced material is cooled, U 11 decreases but remains much larger than U 22 ; for the x ¼ 0.0 sample, the values of U 11 and U 22 close to room temperature are 4.3 Â 10 À2 and 0.9 Â 10 À2 A 2 , respectively (Table 1 ). This result indicates the existence of static displacements of O eq in the direction perpendicular to the bond. The previous study of a reduced x ¼ 0.0 sample also recognised the presence of anisotropic disorder at the O eq site, but it was modelled by allowing a displacement of the atom to (x 1 / 2 0) and using an isotropic ADP, rather than by using an anisotropic ADP for an atom on the ideal site. This refinement strategy resulted in the values x ¼ 0.040(2) and U iso ¼ 0.8(2) Â 10 À2 A 2 at room temperature, with the latter value being similar to that in the original as-prepared sample. 17 This model based on the refinement of the position of O eq could not be used for the sequential treatment of the data collected as a function of temperature in the present study because the refinement became unstable when x was allowed to vary. We shall comment further on the two different approaches in Section 3. oxygen is removed first, in the temperature range 250-350 C (region I), followed by the removal of equatorial oxygen above $350 C (region II). The main structural changes, as reflected by the evolution of the Co/Ni-O ax , La/Sr-O eq and La/Sr-O ax bond lengths (Fig. 7) , occur in region (I), i.e. during the loss of O int . The evolution of the a and c parameters exhibits only one change in gradient at T z 330 C (Fig. 8) . At the same point, U 11 for O eq begins to increase more rapidly (Fig. 9) , suggesting that the anion is displaced perpendicular to the M-O eq bond, as was observed for the x ¼ 0.0 material. The ADP of O ax also becomes more anisotropic as the temperature increases, with the displacement perpendicular to the M-O ax bond being significantly larger than that parallel to the bond. As in the case of O eq , the refinements were unstable when this effect was modelled by a displaced isotropic atom, rather than by placing an anisotropic scatterer on the ideal site.
The linear evolution of a and c parameters on cooling the reduced materials ( Fig. 2 and 8 ) confirms the absence of any phase transition. The gradients give similar average thermal expansion coefficients for both samples, $16 to 17 Â 10 À6 K
À1
, much greater than those of the as-prepared materials (8.6 Â 10
) although the volume expansion of the unit-cell on reduction is different in the two cases; DV z 1.77 and 1.05% for the x ¼ 0.0 and 0.2 samples, respectively. This difference arises in part because different numbers of Co ions are reduced.
Characterization of the reduced samples
None of the structural parameters provide clear evidence for a change in composition or structure on cooling from 600 to 60 C; the changes apparent in Fig. 2-9 are all typical of a normal cooling process. The refined stoichiometries of the reduced Table 3 suggest that the interstitial oxygen site in the reduced x ¼ 0.2 sample is not completely empty, whereas when x ¼ 0.0, the residual occupancy of the interstitial site is insignificant. There is no evidence in either case of a lowering of the symmetry of the crystal structure, which would in turn have suggested ordering of the anion vacancies. The thermal ellipsoids at 60 C have similar shapes to those found at 600 C, although they are smaller in size. The retention of relatively large, anisotropic values on cooling shows that the ADPs represent static distortions and not just high-amplitude vibrations. The data collected at 60 C after reduction of the composition x ¼ 0.2 give U ii values for O ax which are very similar to those determined at room temperature before reduction. U 22 and U 33 of O eq behave in a similar manner. However, the U 11 parameter of O eq is significantly enhanced in the reduced material. These results are all consistent with the reduction process being centred on the latter site, and they are also consistent with a model in which the transition-metal polyhedra undergo a rotation around [001] when vacancies are introduced onto the O eq site.
In situ reoxidation
The structural and chemical behaviour of the reduced x ¼ 0.2 sample was investigated in situ under O 2 flow by NPD as a function of temperature. Rietveld plots of the NPD collected at 600 C and after the reoxidized sample was cooled to 58 C are displayed in Fig. 10 . The evolution of the oxygen occupancy (Fig. 11) gives evidence of fast and simultaneous oxygen intercalation into both the equatorial and interstitial positions. The reoxidation of the sample is also accompanied by changes in the cell parameters and bond lengths ( Fig. 12 and 13 ) which reverse the changes observed on reduction. The reoxidation began at $200 C and by the time the temperature had reached 250 C the stoichiometry had returned to that of the original sample. The anisotropic displacement parameter U 11 of O eq also shows the opposite behaviour to that seen on reduction; it decreases on heating up to the end of the oxygen intercalation at T z 250 C, then increases on further heating due to the increase in thermal vibrations (Fig. 14) . All the structural parameters (Table 3) and the bond lengths (Table 4) determined at 58 C after reoxidation are in excellent agreement with those determined for the asprepared sample at 43 C.
Discussion
The samples studied in this work all adopt the tetragonal n ¼ 1 RP structure. However, the observation of the anisotropic peak broadening shows that the degree of crystallinity is relatively low along [001]. It is surprising to find partial occupation of the interstitial site in the x ¼ 0.0 material when the site had previously been found to be vacant in a nominally identical sample. Many aspects of the data presented above merit more detailed consideration. As discussed above, relatively large displacement parameters were found in both studies for the anions on the axial sites of the as-prepared x ¼ 0.0 samples. This indicates the presence of local deviations from the average structure which are probably caused by the different coordination requirements of the Co/Ni and La/Sr cations bonded to these sites. The reduction process involves the removal of oxide ions from the equatorial site, thus reducing the coordination number of the La/Sr site and the Co/Ni site; it also involves reducing the mean oxidation state of the Co/Ni cations from the initial value of 2.5 + d. It can be seen from Fig. 2 that the unit-cell parameters, a and c, show an overall expansion between room temperature and 600 C, but that in the case of the former the removal of oxygen reduces the magnitude of the expansion below the level expected from thermal expansion alone, whereas in the case of the latter it increases it above that level. These deviations from the linear behaviour attributable to thermal expansion alone can be thought of as chemical expansions or contractions that occur when oxygen atoms are removed from the structure. They are reflected in the non-linear behaviour of the La/Sr-O and Co/ Ni-O bond lengths shown in Fig. 4 . The expansion along the caxis affects mainly the perovskite block; the width of the rocksalt layer remains almost constant. The removal of anions from the O eq sites decreases the number of La/Sr-O eq bonds and the La/Sr atoms consequently bond more strongly to the O ax atoms. These bonds lie approximately in the xy plane and their strengthening causes the unit-cell parameter a to decrease. Fig. 2-5 show that all these changes occur largely over the temperature range 400 < T/ C < 500, and that they are clearly interlinked. The reduction of the mean Co/Ni oxidation state is expected to lead to an increase in the mean cation radius and hence to an overall lengthening of the bonds around the transition-metal cations. In order to accommodate the contraction in the xy plane required by the La/Sr atoms, this lengthening occurs in an anisotropic manner, with most of the expansion being along [001] . The atomic displacement parameters indicate that significant local disorder is present in the reduced x ¼ 0.0 composition. The data in Table 1 and Fig. 5 suggest that O eq undergoes significant displacements perpendicular to the Co/Ni-O eq bond as a result of the reduction process, and that these displacements are still present on cooling to 60 C. Similarly, O ax is displaced perpendicular to the Co/Ni-O ax bond.
The degree of reduction seen in the present study is slightly lower than that found previously. We assume that the asprepared sample contains mostly low-spin Co 3+ and Ni
2+
, with enough Ni 3+ present to balance the excess negative charge of the interstitial anions. The fully reduced sample is likely to contain mostly high-spin Co 2+ and Ni
. Consequently we might expect the vacancies to surround Co 2+ rather than Ni
. XANES experiments are currently being undertaken to test this assumption. Furthermore, we do not know if the vacancies occur in pairs to create four-coordinate cation sites, or whether their distribution is completely random, in which case a mixture of four-and five-coordinate sites will be created. The anisotropic displacement parameters suggest that the polyhedra are rotated away from their original orientation, and that the largest component of the rotation is about the . In contrast to our approach, the disorder in these materials was modeled by displacing the equatorial oxide ion from (0 1 / 2 0) to (x 1 / 2 0); the refined x value was found to increase with the oxygen deficiency. We note that our results differ in part from those of El Shinawi and Greaves who found U 33 > U 11 for O ax in the reduced sample at room temperature. We also note that such marked anisotropy of the U ii has not been observed in reduced Co-based n ¼ 2 RP phases where oxygen is lost from the axial sites linking the octahedra within the double perovskite layer.
29,30
The behaviour of the composition x ¼ 0.2 clearly differs from that of x ¼ 0.0, principally because of the presence of a higher concentration of anions on the interstitial site. This will lead to stronger O int -O ax repulsions and hence increase the anisotropic nature of the displacements of the oxide ions in the as-prepared sample (Table 3 ). Fig. 6 shows that oxygen is removed from the interstitial site at a lower temperature than from the O eq site, although the former is not completely emptied. The temperature dependence of the bond lengths, shown in Fig. 7 , is non-linear in the temperature range where only the interstitial anions are being removed. The variation of the bond length with temperature in the region above 400 C, where only the occupation of the O eq site is decreasing, is essentially the result of linear thermal expansion. The unit-cell parameters (Fig. 8) show a change in their rate of expansion at $330 C, within the temperature range where the removal of O int occurs. Although the changes in the bond length appear to be driven by the removal of the interstitial anions, Fig. 9 shows, not surprisingly, that the displacement parameters of O eq increase with temperature more rapidly in the region where that site is being emptied. There is thus a good degree of self-consistency in our analysis. The reduced x ¼ 0.2 composition has a higher residual oxygen content than the x ¼ 0.0 sample, although the mean oxidation state of the Co/Ni cations is similar (2.1 for the composition determined at 57 C). The conditions in our in situ reduction experiment were clearly not strong enough to induce a mean oxidation state below 2.0, as has been seen previously in the x ¼ 0.0 compound 17 and reported in Ni-based related systems. [31] [32] [33] The ADPs after reduction, both at 600 C and on cooling to 57 C, show the same anisotropy as was observed in the composition x ¼ 0.0 and are again indicative of rotations of the reduced anion polyhedra. The observed range of oxygen stoichiometries corresponds to the presence of both 6-and 5-fold coordination polyhedra, the latter varying from 20 to 40% within the regime where rotation seems likely. However, we cannot rule out the possibility of vacancy pairing leading to the formation of four-coordinate sites.
The reoxidation of the composition x ¼ 0.2 is particularly interesting. The structural parameters at 58 C of the reoxidised sample are in excellent agreement with those determined for the as-prepared sample (Tables 3 and 4) . However, the redox chemistry of this material is not reversible because a temperature hysteresis is observed. The O int and O eq sites are repopulated simultaneously between 200 and 250 C under O 2 whereas under H 2 the removal of O eq begins once the O int site is almost empty.
Conclusion
The collection of in situ neutron diffraction data on the n ¼ 1 Ruddlesden-Popper phases La 1.5+x Sr 0.5Àx Co 0.5 Ni 0.5 O 4+d (x ¼ 0.0, 0.2) under flowing H 2 or O 2 as a function of temperature and in real time has enabled us to correlate structural changes with the redox behaviour of these compounds. Most significantly, this experiment has allowed us to monitor for the first time the temperature range and the sequence in which the different oxygen sites (interstitial, axial and equatorial) are emptied and refilled. This information is not available via a thermogravimetric analysis or when the diffraction experiments are performed at room temperature on samples that have been reduced ex situ and then cooled. Our Rietveld refinements established that the main structural changes that accompany the oxidation and reduction of this material involve the interstitial oxygen site. Furthermore, they revealed the presence of residual anions on the interstitial site in the reduced x ¼ 0.2 sample. This is the first structural evidence for the coexistence of both anion vacancies and interstitial oxide ions in an oxygen-deficient n ¼ 1 RP oxide. 
